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Abst rac t  
A system i s  described by which small l oca l  ized temperature changes can be 
measured i n  the bra in .  
e lec t rode probe, hzated-thermistor probe and a d i f f e r e n t i a l  - thermistor  probe. 
A n  a.c. cornpensatins r a t i o  bridge when used w i t h  a low noise/high ga in  am- 
p l  i f i e r  1 i nea r i t es  the response o f  tha thermis to r  over the temperature range 
used. It i s  poss ib le  t o  de tec t  temperature changes as smai? as .0002°C w i t h  
The system includes 3 types o f  probes, a thermis to r -  
m mu01 ~ n 1 3 V A  
t h i s  system. 
1 . INTRODUCTI ON 
One o f  the uniquz p roper t i ss  o f  the b r a i n  i s  t h a t  
i t  i s  made up o f  d i sc re te  s t ruc tu res  o f  nerve 
c e l l s  t ha t  regulate d i f f e r e n t  funct ions o f  the 
organism. 
i t  i s  poss ib le  t c  measure small l oca l i zed  ternper- 
a ture changes i n  these s t ruc tu rcs  ( I ,  2).  Tem- 
perature increasas as we l l  as decreases o f  the 
order  .OOIoC t o  .0loC c2n be detected in  various 
pa r t s  of the v isua l ,  aud i to ry  and somatosensory 
systems o f  the brain. These thermal changes are 
dependent upon the ssnsory s t imu la t i on  used and 
can be cor re la ted  w i t h  e l e c t r i c a l  as w e l l  as the 
metabolic a c t i v i t y  o f  thz i nd i v idoa l  regions o f  
t ha ne T V O ~ J S  sys tern. 
Receat e x F e r i m n t a t i o n  has shown t h a t  
Teriiperaiure chanss i n  the b ra in  i s  no t  a r,ionomial 
phentxenor,. There are several fac to rs  t h a t  can 
brincj about thernal  changes e i t h e r  l o c a l l y  o r  
throughout the e n t i r e  bra in .  
bo1 i c  heet (NRi-!) i s  prcd,lccd b y  the f i r i n g  o f  a 
nerve ce l l  an? the concmi tan t  b;cchemical p r c -  
F i r s t ,  neural mta- 
cesses t h a t  accompany it. Second, as the blood 
is genera l l y  cooler than the bra in ,  temperature 
change i s  broLght about by adjustment 3r a t t e r -  
a t i o n  o f  the d flow. As r.zrve c e l l s  
and glucose and so 
blood suppl i .  
the bra in 'hns 
ve tse ls .  
mains constant, temperature changes can take place 
i n  o ther  par ts  o f  the body through the phys ica l  
a c t i v i t y  o f  muscle Sroups or  nietabol i c  func t ion ing  
o f  other  organs. Such a change would be t r a n s -  
m i t t e d  by the common blood supply and would be 
re f l ec ted  throughout the e n t i  re bra in .  
Most of the energy t h a t  the b r a i n  u t i 1  iz : ;  t o  
produce e l e c t r i c a l  impulses i n  the n: =urcns o r  
nerve c e l l s  i s  der ived from the o x i d a t i m  o f  
I 
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glucose. Such a reaction produces 5 calor ies for  
every n i i l l i l i t e r  o f  oxygen used. 
sunes approxicately 1/5 o f  the body's supply o f  
oxygen but makes up only about 1/50 o f  the e n t i r e  
body weight. 
dat ion measures and t o t a l  b ra in  blood supply, 
i t  has been estimated that  the heat output o f  the 
bra in  i s  4.8 cal/sec o r  20 watts o f  power. 
small d iscrete c e l l u l a r  regions o f  the brain, 
estimates o f  6500 pal /g/sec have been made (2). 
The bra in  con- 
On the basis o f  these glucose o x i -  
For 
I 
Considering the fact that  these thermal changes 
are small and tha t  the range i n  temperatures 
normally encountered i n  the m m a l  ( f o r  our ex- 
eriments, the cat)  does not vary more than f 3 0 C, 
i t  was necessary t o  design a system tha t  would be 
extremely sensi t ive over a r e l a t i v e l y  small tem- 
perature range. 
2. MSlGN OF T i €  THERMAL SYSTEM 
2.1 THREE TYPES OF THERML PROBES 
There are several considerations i n  the design 
o f  thermal probes for  measurement o f  bra in  tem- 
perature. I t  i s  necessary that  the probe have 
a high s e n s i t i v i t y  i n  order t o  monitor the small 
temperature changes that  take place i n  the brain. 
Relat ive ly  small size and use o f  non-toxic sub- 
stances are essent ia l  i n  order t o  keep t issue 
damage t o  a minimum. Ease o f  construct ion and 
thermal insu lat ion are a lso important factors. 
2.1.1 The nn i s t o r  -E l ec t  rode Probe 
The probe depicted i n  Figure I A  i s  used t c  
measure bra in  temperature v i a  an u l t r a  small 
thermistor bead (VECO hlA14 IO kR 0 25*C), 
p l a t  inurn electrodes monitor the concomitant 
e l e c t r i c a l  a c t i v i t y  o f  the area under i n v e s t i -  
gation. 
crence electrode- 
oxygen a v a i l a b i l i t y .  This probe i s  e a s i l y  con- 
struct--' 'run a fogr hole alumina ceraaiic-type 
rod (On~: ,a  Engineering to.). Thc shot: I E X ! ~  o f  
the thermistor are microwlded to  2 wires (.OOl" 
The 
I n  addit ion, wi th  proper biasing and re f -  
the platinum wires can measure 
* 
dia) and threaded through 2 holes o f  the rod. The 
platinum wire electrodes are threaded through the 
remaining 2 holes. 
i s  deposited on the end o f  the probe t o  insure 
e l e c t r i c a l  insulat ion.  A f t e r  the varnish cures, 
the thermistor i s  ca l ibrated and the probe i s  i m -  
planted i n  the brain. I t i s  f i xed  t o  the s k u l l  
by means o f  screws and dental cement. The wires 
are soldered onto a connector p lug tha t  i s  a lso 
attached t o  the s k u l l  w i t h  dental cement. 
Figure 2 i s  an example o f  temperature changes 
that  have been recorded with s i m i l a r  probes. 
These prev ious ly  reported resu l ts  (2) are ex-  
amples o f  simultaneous recordings i n  2 d i f f e r e n t  
A drop of Epoxyl i te varnish 
structures in the brain. 
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Figure J .  
measure temperature i n  the brain. (A) thermistor-  
electroo.! (a) heated-thermistor and (C) d i f fe ren-  
t i a l  -thermistor. 
Three types of thermal probes used t o  
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Figure 2. 
thermal responses evoked i n  the i n f e r i o r  col1 iculus 
by St imulat ion o f  the ear w i t h  random noise and i n  
the l a t e r a l  geniculate nucleus by st imulat ion o f  
the eye w i th  l i g h t  flashes (12  flashes/sec). 
Time markers indicate st imulat ion periods (2). 
Simultaneous recording o f  local  i r ed  
2.1.2 Heated -The mi s to r  Probe 
A probe t o  detect temperature changes caused by 
cerebral blood flow a l te ra t ions  i s  depicted in 
Figure I B .  It i s  constructed in  a manner s im i la r  
t c  tha t  o f  the thermis to re lec t rode probe but the 
u l t r a  S n c l l  bead has been replaced with an i n d i r -  
e c t l \  heated thennl'=;:: (VECO 37A3 7 KC @ 25OC). 
Tvm of  the wire leads are connected t o  the low 
resistance (20 C) semi -conductor heater and the 
otntr t w o  are attached t o  the thermistor. By 
applying a current t o  the heater, the temperature 
o f  the thermistor i s  raised above tha t  o f  the 
surround ing bra in t i s sue. The re fore, tempe r a t  ure 
changes that. are due t o  a l t e r a t i o n  i n  the rate o f  
blood flow can be separated from those produced 
by neural metabol i c  k a t .  Such a technique has 
been used fo r  many years t o  detect b l m d  f low 
changes i n  many par ts  o f  the body (3 ,  4). Figure 
3 i s  an example o f  the temperature changes r e -  
corded when an i n d i r e c t l y  heated thermistor probe 
i s  used. 
2.1.3 D i f f e ~ n t i a l - T h e r m i s t o r  Probe 
F ina l l y ,  a probe t o  record d i f f e r e n t i a l  
thermal a c t i v i t y  i s  presented i n  Fiqurr: IC. The 
ACUTE 
\ Unheated 
.01' c 1 
Heated 
CHRONIC 
mow 
LR
10 f / l  
Figure 3. Thermal responses evoked i n  tht5 l a t e r a l  
geniculate nucleus by stirnulatior. o f  the eye w i t h  
f lashing l i g h t  (12/or IO/ sec). 
e r e  obtained before (top) and a f t e r  (bottom) the 
t h e m i s t o r  i s  heated above tha t  of the surrounding 
t issue by 0.4-1.8 C. Reversal o f  th?m.al re -  
sponse indicates tha t  a change in blood f low 
takes place. Left :  responses from an acute o r  
anesthetized cat. Right: responses from a chronic 
or awake a n h a l .  Time markers and arrows indicate 
st imulat ion periods (2). 
These responses 
0 
small local ized temperature changes described 
above are superimposed on a constantly varying 
temperature base1 ine tha t  i s  present throughout 
the e n t i r e  brain. Often these generalized temper- 
ature changes mask the loca l i zed  response. By 
means o f  the d i f f e ren t i a l - t he rm is to r  probe, i t  i s  
possible t o  e l  iminate the general temperature 
change and yet record local  ized thermal a c t i v i t y .  
This probe consists o f  2 matched thermistor beads 
(VECO 41Alk) v e r t i c a l l y  separated by 3mm. A small 
piece ( 3  mm) i s  broken o f f  the four-hole alumina 
rod. One cjf the matched thermistor beads i s  placed 
a t  the t i p  o f  t h i s  3 mn piece and the second bead 
i s  placed a t  the t i p  o f  the longer por t ion  o f  the 
rod. A f t e r  the wires fron the thermistors are 
threaded through the holes, the two pieces are 
. 
3 
reattached by means o f  the Epoxy1 I t e  varnish. 
Thus, a s ing le  probe i s  constructed which has 2 
matched thermistors iqcorporated i n t o  the alumina 
rod and ve r t i ca : I y  separated by 3 m (see Fig. IC). 
The probe i s  placed in  the b r a i n  w i t h  the lower 
bead in  the area o f  i n te res t  while the upper head 
i s  placed j u s t  outs ide o f  t h i s  area. 
record general ized ternper,Jture changes bu t  loca l  - 
ized thermal responses are recorded p r i m a r i l y  
on the lower bead. By p lac ing  the 2 thermistors  
in adjacent arms o f  a Wheatstone bridge (see Fig. 
5) tk general temperature changes are canccI l ed  
and a recording o f  loca l i zed  thermal a c t i v i t y  i s  
attained. 
made w i t h  a d i f f e r e n t i a l - t h g n n i s t o r  probe. 
60th beads 
Figure 4 i s  an example o f  recordings 
- W A W  
l ' r  ------l- 
I 
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Figure 4. 
thermistor vrobe ( 3  mn thermistor separation). 
Top: thermal record obtained from the l a t e r a l  
geniculate nucleus ( loher  t h e n i s t o r )  and an ?rea 
3 mn above (upper thermistor).  Bottom: resu l tan t  
d i f f e r e n t i a l  thermal a c t i v i t y .  Arrows and time 
markers ind icate periods when the eye was 
st imulated w i t h  f lash ing or steady l i g h t  (2). 
Results obtained w i t h  a d i f f e r e n t i a l -  
2.2 COMPENSATING RATIO BRIDGE 
Although thermistors possess a r e l 3 t i v e l y  h igh  
c o e f f i c i e n t  o f  resistance and therefore consid- 
erable s e n s i t i v i t y  t o  temperatura change, they 
have the inherent disadvantage o f  d isp lay ing  a 
non-1 inear re la t ionsh ip  be twen resistance and 
temperature. Olie o f  the main drawbacks, then, i s  
t h a t  the s e n s i t i v i t y  of the thermistor  changes 
over the tenperature range. There i s  a need for 
a .bridge c i r c u i t  t ha t  has a l i n e a r  re la t i onsh ip  
between the d i a l  p o s i t i o n  a t  balance and the 
thermistor  tempcrature. A r e l a t i v e l y  simple 
so lu t i on  t o  t h i s  problem has been botked out by 
Dorms (5). 
Figure 5 i s  an adaptation o f  a temperature br idge 
suggested by h im.  
The bridge c i r c u i t  dep:ctcd in 
Dorms noted tha t  a r a t i o  br idge i s  the tinit 
order  a 
In 5. 
res is tance (%) necessary t o  ob ta in  bslance var ie$  
exponent ia l l y  w i t h  temperature, the ne t  e f f e c t  
i s  t h a t  the d i a l  movement o f  % var;es l inearlyr..  
w i t h  the temperature o f  the thermistor. (See 6)  
for a more comprehensive and de ta i l ed  d iscuss im),  
>ximation t o  the ser ies expans;on o f  
Tierefore, the d i a l  movement of xhe r a t i o  
680 
R O  '} IO Turnbe l ipot  I K a  Model  A RB (variable.) 
O t b r  res.stors * -.02 o/qvwNrewound 
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Figure 5. 
sa t ing  r a t  i o  bridgc. 
C i r c u i t  c"tagram for an a.c. compen- 
In te r - themis to : -  resistance var i3 t ions  a t  a s ing le  
temperature which are due t o  manufacturing 
4 
8 '  tolerances ( A  25%) are cmpensated f o r  by R 
The resistance o f  a thermistor i s  obtained a t  one 
p a r t i c u l a r  temperature. T h i s  value i s  chosen so  
tha t  i t  i s  the midpoint o f  the temperature range 
used. For our p a r t i c u l a r  appl icat ion,  38.5OC i s  
the temperature f o r  which a l l  the thermistors  are 
ca l ibrated.  This p a r t i c u i a r  temperature i s  the 
normal body temperature o f  the ca t  which i s  the 
animal used i n  our invest igat ion.  Only in rare 
circunstances does the temperature vary more than 
f 2OC (3.6OF) from t h i s  value. 
temperature range encountered i s  very small. 
Wen other  animals are t o  be used, t h e i r  normal 
body temperature i s  chosen t o  be the midpoint. 
In the case o f  the human, t h i s  would be 37.OoC. 
Therefore, the 
2.3 OPERATION OF THE BRIDGE 
The a.c. compensating r a t i o  bridge i l l u s t r a t e d  in 
Figure 5 i s  constructed so tha t  a t  normal body 
temperature a l l  arms have approximately equal 
resistances and therefore maximum bridge sens i - 
t i v i t y  i s  achieved. Furthermore, i t  has been 
adapted to be used w i t h  the 3 probes prev ious ly  
described. The thermistor  o f  the thermistor -  
electrode probe (Figure I A )  i s  inser ted i n t o  the  
upper r i g h t  hand arm o f  the bridge. 
resistance i s  used in  the upper l e f t  hand arm. 
The 6 kR 
i s  adjusted t o  the resistance o f  the thermistor  
a t  the mid-range temperature point .  
i s  nov >alanced by varying % and the temperature 
i s  read d i r e c t l y  from t h i s  d i a l .  For operat ion 
w i t h  the heated-thermistor probe (Figure le)  the 
S a m e  procedure i s  used. The on ly  d i f fe rence i n  
using t h i s  probe i s  t ha t  the heater i s  comected 
t o  an external  current  supply which i n d i r e c t l y  
raises the temperature o f  the thermistor. For 
operation w i th  the d i f f e r e n t i a l  -thermistor probe 
(Figure I C ) ,  the 6 kn r e s i s t o r  i n  the upper l e f t  
hand ann o f  the bridge i s  replaced w i t h  the 
second o r  reference thermistor and RD i s  readjusted 
t o  achieve a balance. 
cannot be read i n  t h i s  cond i t ion  but  loca l i zed  tem- 
The bridge 
The absolute temperature 
perature changes are obtained from the 
of  the bridse. I f  a temperature value 
output 
i s  desired 
the bridge is operated i n  the s ing le thermistor 
mode. 
The various capaci tors  on the bridge c i r c u i t  are t o  
balance the react ive component due t o  s t ray  cap- 
acitance and the capacitance of the thermistor  
cables. 
balancing, the capaci tor  (380 pF) i n  the R arm 
8 
i s  adjusted to f u r t h e r  reduce t h i s  minimun. 
When a m i n i m u n  i s  achieved by r e s i s t i v e  
2.4 BRAIN TEMPERATURE SYSTEM 
One of  the prime considerations i n  the design o f  
a system to  measure temperature changes i n  the 
b r a i n  was to make use o f  equipment genera l ly  
ava i lab le  i n  a neurophysiology laboratory. A n  
a l t e r n a t i n g  current  bridge was chosen because o f  
the a c c e s s i b i l i t y  o f  h i g h  gain, low leve l  a.c. 
acp l i f i e rs .  As seen in  Figure 6, the output o f  
the bridge i s  f i d  i n t o  a Tektonix 122 Ampl i f i e r  
when? the s ignal  i s  ampl i f ied 1000 times. A f t e r  
narrowing the bandpass and demodulating the s ignal ,  
the output  i s  recorded oh the D.C. channel o f  a 
Grass Polygraph Machine. Small temperature 
changes can be read in terms o f  pen displacements. 
In such a manner, several channels o f  temperature 
can be recorded on the same machine. 
It-- - i sOOHt Oscillator 
Figure 6. 
used i n  the measuring of b ra in  temperature. 
Various components o f  a thermal system 
2.5 CHARACTERISTICS !IF THE S Y S E M  
The system as described i n  Figures 5 and 6 allows 
- us t'b read the temperature o f  thermistor  beads 
w i t h  to lerances o f  f 25X d i r e c t l y  from the d i a l  
s e t t i n g  o f  the bridge. I t  i s  necessary t o  c a l -  
i b ra te  the thermis to r  f o r  on l y  one standard 
temperature. The br idge i s  ca l i b ra ted  i n  terms 
o f  d i a l  s e t t i n g s  (%) and d.c. output on ly  once 
for use w i t h  one type o f  thermis to r  (VECO 41A14) 
t h a t  i s  used on the t h e r m i s t o r e l e c t r o d e  probe 
and the d i f f e r e n t i & l  thermis to r  probe. I t  i s  
c a l i b r a t e d  a second time for  use w i t h  the second 
type o f  thermistor  (VECO 37A3) used i n  the heated- 
thermis to r  probe. 
implanted i n  the b r a i n  produces a s e l f  heat ing o f  
n o t  more than 0.01 C and possesses a time constant 
o f  0.1 sec. Inasmuch as the temperature changes 
recorded in the b r a i n  are much slower than th i s ,  
the time response o f  the system i s  adequate. Also, 
i t  has a measured noise equ iva len t  o f  0.00018°c 
and there fore  can resolve very small temperature 
f luc tua t ions .  
introduced i n  reading the temperature as a i i n e a r  
func t ion  o f  the d i a l  s e t t i n g  (%) i s  ? 1% for  
an ind i v idua l  thermistor .  It has been noted t h a t  
for a number o f  thermis to rs  used, the l i n e a r  
assrmption introduces a minimum e r r o r  o f  Z 3% Over 
t h i s  range. Since the range o f  temperature over 
which the snimal normal ly  va r ies  i s  l ess  than th i s ,  
the system s u f f i c i e n t l y  1 inear izes the response 
o f  the thermis to r  t o  make i t  usefu l  i n  measurements 
o f  b ra in  and body temperature. 
The system w i t h  a thermis to r  
0 
0 Over a f 4 C range, the e r r o r  
3. CONCLUSIONS 
A system i s  presented by which var ious tznperature 
measurements can be made i n  the bre in .  Three 
protes are used t o  de tec t  var ious temperature 
phenomena. The t h e r m i s t o r e l e c t r o d e  probe i s  
used t o  record general and l o c a l  izea temperature 
changes as we1 1 as t:4L r-oncomitant e l e c t r i c a l  
a c t i v i t y  o f  the nerve c e l l s .  The heacsd-ther- 
m is to r  probe a ids i n  determining whether tempera- 
tu re  chanses are due whol ly  o r  p a r t i a l l y  t o  
a1 te ra t i ons  i n  blood f low rates.  The d i f f e r e n t i a l  - 
thermistor  prDbe i s  used t o  record l oca l i zed  
thermal a c t i v i t y  i n  the absence o f  temperature 
change tha t  takes place throughout the bra in .  
An a.c. canpensating r a t i o  bridge 1 inear izes 
the response o f  the thermistors  t o  f 3% over 
an 8Oc range. 
w i t h  manufacturing to lerances o f  f 25% t o  be 
used interchangeably ir, th.t system. S u f f i c i e n t  
r e s o l u t i o n  i s  achieved by means o f  a bandpass 
f i l t e r  and h igh  gain/ low noise preamp1 i f i e r  t o  
make changes o f  .0002°C detectable. 
I t  s l s o  a l lows thermis to r  beads 
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